A polyhalogenated aromatic hydrocarbon, 2, 3, 7, , is one of the most potent toxic environmental pollutants. Decreases in spermatogenesis and the ability to conceive and carry a pregnancy to term are the most sensitive signs of reproductive toxicity by TCDD in the mammal, but no report of its effect on the erectile function exists. We performed this study to investigate the effect of TCDD on the erectile function. New Zealand white rabbits were treated intraperitoneally with 1 lg/kg of TCDD. At 4 (Gr I) and 8 (Gr II) weeks after the administration of TCDD, cavernosal tissues were harvested for strip study in the organ bath and testes were prepared for histologic examination. Compared to the maximal amplitude of 17.1 7 4.12 mN in normal control (Gr III), the contractions to cumulative concentrations of NE (10
Introduction
Dioxin is a general term that describes a group of hundreds of chemicals that are highly persistent in the environment. A polyhalogenated aromatic hydro-carbon, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), is one of the most potent toxic environmental pollutants. 1 TCDD is still being generated by municipal garbage incinerators, exhaust from leaded gasoline and the pulp industries. Several animal studies demonstrated that TCDD causes a variety of adverse effects on the male reproductive system. 2, 3 It has been reported that decreases in spermatogenesis and the ability to conceive and carry a pregnancy to term are the most sensitive signs of reproductive toxicity by TCDD in the mammal. 4 TCDD and its metabolites have been implicated in causing adverse effects in the testes of several animals. [5] [6] [7] The main issues and major studies of TCDD were regarding infertility, genitourinary anomalies and carcinogenesis.
Meanwhile, Henry et al 8 reported that pericardial edema, slowed heart rate and slowed blood flow were early life stage toxicity of TCDD in zebrafish. The aryl hydrocarbon receptor (AHR) is required for normal vascular development. 9 Andreasen et al 10 demonstrated that TCDD activates the AHR pathway in early vascular development and tissues involved in osmoregulation following TCDD exposure. Taken together, they suggested that the cardiovascular system is a primary target of TCDD developmental toxicity. Cantrell et al 11 suggested that vascular damage contributes to the acute embryo toxic effects of TCDD-induced programmed cell death. Dalton et al 12 suggested that dioxin is an environmental risk factor for ischemic heart disease. In cardiac myocyte, dioxin increases intracellular calcium and progressively impairs ventricular contractile responses to isoproterenol and to calcium. Hence, TCDD may affect potential harmful effect on the erectile function via changes of smooth muscle physiology and endocrine system, but no report of its effect on the erectile function exists. Recently, we also reported the adverse effects of bisphenol A, one of well-known endocrine disruptors, on the erectile tissues. 13 We performed this study to investigate the effect of TCDD on the erectile tissues.
Materials and methods

Animals and treatments
All procedures involving animals were approved by the institutional animal care and use committee. Male rabbits (New Zealand white, 2.5-3 kg, Samyuk Hi-Quality Laboratory Animal Inc., Osan City, Kyunggi-do, Korea) were treated intraperitoneally with 1 mg/kg of TCDD dissolved in corn oil. There is no report of TCDD toxicity in the rabbit. Among the animal species tested, the male guinea-pig is known to be highly susceptible to TCDD. 14 Chahoud et al 5 have suggested that a single exposure of rats to a dose of 1.0 mg TCDD/kg can be considered as an adequate condition. The amount of TCDD used in this study was in the range of proven toxic dose to the testes at 4 weeks after single administration from the studies of rats 5 and guinea-pigs. 7 At 4 weeks (Group I, N ¼ 10) and 8 weeks (Group II, N ¼ 10) after the administration of TCDD, the rabbits were killed by a bolus injection of air into an auricular vein. From each of the five rabbits of both groups, the penis was removed, immediately placed in chilled Kreb's solution and later histologically examined. A Kreb's solution of the following composition was used (mM): NaCl 119, KCl 4.6, CaCl 2 1.5, MgCl 2 1.2, NaHCO 3 15, NaH 2 PO 4 1.2, glucose 11. After removal of surrounding muscles and connective tissues, the two corpora cavernosa were carefully dissected under a microscope. Each corpus cavernosum (CC) was cut into two strip preparations measuring approximately 1 Â 2 Â 7 mm at the level of the proximal part of the CC and a pharmacologic strip study was performed. In group III (N ¼ 10, 2.5-3.0 kg, 3-4 months old), the same procedure was performed as in controls. In the strip study, contractions were studied with norepinephrine, whereas relaxations were studied with acetylcholine and sodium nitroprusside (SNP). All experimental drugs were purchased from Sigma Chemical Co. (St Louis, MO, USA).
Measurement of isometric tension
The preparations were transferred to 10 ml organ baths containing Kreb's solution maintained at 371C by a thermoregulated water circuit and continuously bubbled with a mixture of 95% O 2 and 5% CO 2 , resulting in a pH of 7.4. The bath fluid was changed every 20 min and replaced with fresh Kreb's solution. Silk ligatures were applied at both the ends of the CC strips, which were suspended between two L-formed metal prongs. One of the prongs was connected to a Grass FTO3C force-displacement transducer (Grass Instruments Co., Quincy, MA, USA) and the other was attached to a movable unit, allowing precise adjustment of preload tension. Isometric tension was recorded using a Grass 7D polygraph (Grass Instruments Co., Quincy, MA, USA). Tissue strips were incrementally stretched (1 g tension/stretch), and periodically contracted with 3 Â 10 À6 M phenylephrine. This procedure was repeated until the tissues achieved optimal isometric tension. When the amplitude of the contraction was within 10% of the previous contraction, this tension was considered optimal for isometric contraction.
(1) Norepinephrine (NE) was added cumulatively (10 À8 -10 À4 M) in order to determine the concentration-response relationship. The contractile responses were expressed as maximal g tension (mN) after the cumulative addition of NE at an optimal state for isometric contraction. (2) To investigate the effects of relaxants, acetylcholine (10 À8 -10 À4 M) and SNP (10 À8 -10 À4 M) were added cumulatively in half-log increments to preparations precontracted with 10 À4 M phenylephrine, the concentration producing 50% of maximum contraction, respectively.
Calculations
Student's t-test was used for the statistical analysis of paired or unpaired observations. A probability of Po0.05 was accepted as significant. When appropriate, results are given as mean values and standard error of the mean. Small 'n' denotes the number of strip preparations, and capital 'N ' denotes the number of animals.
Pathologic examination
Grossly, each penis was cut along the dorsal-ventral axis. All specimens were fixed in 10% neutral buffered formalin, dehydrated in graded ethanol Effect of TCDD on corpus cavernosum DG Moon et al and embedded in paraffin. Sections were cut at 4 mm thickness, placed upon poly-L-lysine-coated glass slides and stained with hematoxylin-eosin (H&E) and Masson's trichrome. Computerized analysis of the smooth muscle fibers was conducted by a CAS-200 image analyzer (Becton Dickinson Co., USA), in combination with a light Olympus microscope equipped with a video camera. The percentages of area of smooth muscle fibers per standard square area were measured at five different fields (magnification Â 400) of vision for two sections in each case. The mean value was used for each animal. To assess histological changes of testes, the testicles were fixed by placing in Bouin's solution and 2.5% glutaraldehyde. The fixed testicular tissues were paraffin-embedded, sectioned at 4-6 mm, stained with H&E and examined by light microscopy.
Results
Pharmacologic strip study
The tension of the preparation was repeatedly adjusted during an equilibration period of approximately 1 h, tension was adjusted, and for the CC, the final isometric tensions were 4.5170.67 mN in controls (n ¼ 20, N ¼ 5). NE contracted the preparations in a concentration-dependent manner ( Figure 1) Figure 3 ).
Histologic examination
In the penis of normal control, the amount of smooth muscle fibers was 35.4% of specimen. Compared to Effect of TCDD on corpus cavernosum DG Moon et al normal control, the amounts of smooth muscle were significantly increased to 53.7-79.6% in Groups II and III (Po0.01). There was no evidence of fibrosis in the CC of age-matched control animals ( Figure 4 ). In TCDD-treated animals, intracavernosal fibrosis, abnormal subtunical deposition of fat, subtunical loosening and decreased sinusoidal space with a consequent increase of trabecular smooth muscle contents were noted in Group I ( Figure 5 ) and Group II ( Figure 6 ). In TCDD-treated animals, time-dependent testicular failures were observed ( Figure 7 ). Compared to seminiferous tubules with complete spermatogenesis in normal control, seminiferous tubules show decreased germ cells with vacuolar degeneration at 4 weeks after TCDD treatment, and spermatids were hardly seen with the appearance of apoptotic cells within the tubules at 8 weeks after TCDD treatment.
Discussion
Halogenated aromatic hydrocarbons (HAHs), such as polychlorinated dibenzo-p-dioxins, biphenyls, dibenzofurans and related compounds represent a diverse group of persistent, widespread environmental contaminants. TCDD, the most biologically active and toxic member of this class of compounds, produces a wide variety of species-and tissuespecific effects including tumor promotion, immuno-hepato-and dermal toxicity, lethality, birth defects, endocrine disruption and induction of numerous enzymes. 14, 15 Besides being a potent environmental carcinogen, dioxin also exhibits estrogenic and antiandrogenic actions by inhibition of binding to aromatic hydrocarbon receptor. The effects of xenoestrogen vary depending on the dose, duration of exposure and, most importantly, the species of the animal. TCDD and its metabolites have also been implicated in causing adverse effects in the testes of several animals. Species vary greatly in their sensitivity to TCDD: the acute oral lethal dose for 50% mortality of TCDD varies 5000-fold in different species. Among the animal species tested, the male guinea-pig is known to be highly susceptible to TCDD.
14 So far, there has been no report of TCDD toxicity in the rabbit. The amount of TCDD Effect of TCDD on corpus cavernosum DG Moon et al used in this study was in the range of proven toxic dose to the testes at 4 weeks after single administration in accordance with the previous studies. 5, 7 Chahoud et al 5 tested the effects of a single exposure to TCDD doses 0, 0.5, 1.0, 3.0, 5.0 mg/kg body weight on the testes of rats. Doses of 3.0 or 5.0 mg TCDD/kg reduced the number of spermatids/testes significantly (60% of that of the controls). Electron microscopic inspection revealed that both doses led to dissolution on the germinal epithelium. Altered germ cells at all developmental stages occurred in all the testes evaluated. They suggested that a single exposure of rats to a dose of 1.0 mg TCDD/kg can be considered as an adequate condition. In this study, testicular changes were evidenced with a proven dose, single exposure and exposure period of previous studies. Although we did not measure serum hormone, it is clear from several studies that TCDD reaches the testes. However, it is impossible to retain such an amount of TCDD in daily activities of human beings. So, the effects of low amount of TCDD with chronic exposure should be studied on human erectile tissue.
Recently, dioxin has been suggested as an environmental risk factor for ischemic heart disease, and the cardiovascular system is also suggested as a primary target of TCDD developmental toxicity via activation of the AHR pathway. [8] [9] [10] [11] [12] Cantrell et al 11 suggested that vascular damage contributes to the Effect of TCDD on corpus cavernosum DG Moon et al acute embryo-toxic effects of TCDD-induced programmed cell death. The effect of estrogen on smooth muscle in various organs is unpredictable. Shabsigh 16 suggested the castration-induced programmed smooth muscle cell death in the rat penis. Traish et al 17 reported the castration-induced decrease of trabecular smooth muscle content in the rabbit penis. In this study, TCDD induced apoptosis in the testes, but not in the penis. The major difference in this study compared to previous castration studies is the increase of trabecular smooth muscle content. In this study, cavernosal smooth muscle was markedly increased compared to those of control animals and whole cavernosum was replaced with the muscle mass. It is also opposed to the concept of veno-occlusive erectile dysfunction in which reduction or dysfunction of the intracavernous smooth muscle fibers has been suggested to evoke erectile dysfunction. 18, 19 In this study, trabecular smooth muscle content was measured by histomorphometry. Therefore, TCDD may not increase the definite content of smooth muscle but may reduce individual sinusoidal lumen with consequent increased ratio of smooth muscle content on histomorphometry. Recently, trabecular smooth muscle tone has been accepted as a major contributing factor to trabecular smooth muscle contractility; relaxation of the smooth muscle of the CC is crucial for development of penile erection. 20 , 21 Holmquist et al 22 reported that castration increased the relaxation of CC strips to electrical stimulation through a decrease in the neuronal release of NA. Meanwhile, Baba 23 reported that tissue strips from intact rabbits showed a greater degree of contraction than those of castrated animals, suggesting changes in the adrenergic pathway in response to androgen deprivation. Xenoestrogen is not identical to antiandrogen and estrogen, but similar to estrogen in action. Although TCDD is a kind of endocrine disruptor, TCDD is not identical to exogenous estrogen and also not identical to castration. As TCDD has been known to act by triggering the hormone receptor, the, effects of exogenous administration of estrogen will be more severe, but not identical to those of TCDD. In this study, the contraction by NA and relaxation by acetylcholine and SNP were significantly decreased in the CC strips of TCDD-treated animals compared to control animals. We performed nerve stimulation, but the results were poor for decreased contractility, and the strips were contracted with 10 À4 M phenylephrine. In pretreatment with concentrations lower than 10 À4 M phenylephrine, we cannot achieve enough contraction to discriminate relaxation to Ach or SNP for severely decreased contractile responses in the basal state. So, the strips were pretreated with 10 À4 M phenylephrine to compare the relaxation. It may result in fibrosis and abnormalities in the erectile response cascade as suggested abnormalities of myocyte and intracellular calcium in cardiac ventricle. The impairments in CC smooth muscle relaxation to Ach and SNP may be a result of changes in smooth muscle content and/or fibrosis or it may be a result of a lack of testosterone, which is well known to impair nitric oxide-mediated responses in the CC of the rabbit. Although changes of intracavernosal pressure to vasoactive substances were not evaluated in this study, it can be assumed that the decreased potential cavity of sinusoid with consequent increased ratio of smooth muscle content may inhibit arterial inflow. Loss of corporeal elasticity by decreased vascularity with consequent increased ratio of cavernosal smooth muscle content and thickening of tunica albuginea may be the result of the xenoestrogenic effect of TCDD, which adversely affects erectile homodynamic. Besides adrenergic and nitrergic pathways, intracavernosal fibrosis may inhibit the contraction and relaxation of strips. Previously, we studied the effects of bisphenol A on the erectile tissue of rabbit. 13 Bisphenol A also suppressed the contractions and relaxation of cavernosal tissue strips to vasoactive drugs and induced the thickening of tunica albuginea, subtunical deposition of fat and decreased sinusoidal space with a consequent increase of trabecular smooth muscle content. In this study, both the testes and the penile erectile tissues were affected. The effects of TCDD on the penile erectile tissues were very similar to those of bisphenol A, but the major difference was no testicular damage by bisphenol A. Like BPA, xenoestrogenic effect of TCDD adversely affects erectile hemodynamic via evident histological changes of the penis. CC seems very sensitive to the stimulation by xenoestrogen. This study suggested the possibility of a harmful effect on the penis and vascular beds. The exact mechanisms should be elucidated.
The aging process exerts a direct effect on all penile tissues. Cellular senescence and death lead to increased deposition of connective tissue, which leads to a decrease in penile distensibility. In TCDDtreated animals, subtunical deposition of fat and loosening of subtunical spaces were noticed. Chronic exposure to low doses of TCDD may result in erectile dysfunction in aging males or may exacerbate the aging process with consequent erectile dysfunction. This study suggested the possibility that certain human subpopulations may be vulnerable to the undesirable effects of TCDD and other xenoestrogens.
Conclusion
These results suggest that TCDD may affect the erectile tissue as an endocrine disruptor. The effects of TCDD on the erectile tissues were difficult to explain because of the complexity of hormonal changes. However, it is evident that TCDD induces Effect of TCDD on corpus cavernosum DG Moon et al morphological and functional alterations of CC, which appears to be sensitive to the estrogenic action of TCDD. Further studies concerning the effects of low dose, chronic exposure to TCDD and further mechanisms should be elucidated to identify the precise effect of TCDD on human erectile function.
